The mechanochemical synthesis of two model compounds, a metal organic framework (H 2 Im)[Bi(1,4-bdc) 2 ] (bdc ¼ benzene dicarboxylate, H 2 Im ¼ imidazole cation)) and a cocrystal (carbamazepine : indometacin 1 : 1) were followed ex situ using a combination of two analytical methods. Powder X-ray diffraction (XRD) and Raman spectroscopy data were evaluated for the synthesis of the metal organic framework. The XRD measurements and REM images were analysed for the synthesis of the cocrystal. The measurements revealed that both model compounds were synthesised within minutes. 
Introduction
Mechanochemistry has gained increasing importance for the synthesis of novel compounds in recent years. [1] [2] [3] Mechanochemical reactions provide many advantages over their liquid-phase counterparts in terms of shorter reaction times, higher product yields and the elimination of (harmful) organic solvents. Among other methods, mechanochemistry is now an established method for the synthesis of metal organic frameworks (MOFs) and cocrystals. [4] [5] [6] [7] [8] MOFs are compounds consisting of metal or metal-cluster centres connected via organic molecules resulting in a porous coordination system. MOFs offer a wide range of interesting properties and applications. 9, 10 In particular, they are characterized by large inner surfaces and pronounced porous systems. Based on these properties, MOFs can be utilized in different sectors, such as drug-carrier processes, catalysis, gas storage and gas purication. [9] [10] [11] [12] [13] [14] Because of the enormous number of available organic ligands and metal centers, MOFs are characterized by a great structural diversity. The use of metal cations with higher and exible coordination numbers such as bismuth(III) can additionally increase the exi-bility of the resulting structure. 15, 16 Cocrystals are organic compounds consisting of at least two neutral organic molecules, which are connected via intermolecular interactions such as p-p stacking, van der Waals forces and hydrogen bonds. Pharmaceutical cocrystals consist of an active pharmaceutical ingredient (API) and a coformer, typically a small organic molecule. [17] [18] [19] Cocrystallisation is used to enhance the physicochemical properties of the APIs, including the stability, solubility, compressibility and bioavailability. 19, 20 For both material classes, mechanochemical reactions offer an effective and environmentally-friendly synthesis pathway, preventing the use of solvents and achieving high material yields. Furthermore, the products are of high purity and the reactions periods are typically completed within minutes. Although, mechanochemistry is applied successfully for the synthesis of these materials, the underlying mechanisms of the milling processes have not been claried yet. Theories explaining the milling process range from intermediate melts or eutectics to predictions that reactions are occurring via plasma or hot-spots which are induced by the collision of the grinding balls and the grinding jar surfaces.
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In an elegant experiment, Friščić, and co-workers succeeded in directly monitoring milling reactions using synchrotron XRD. 25, 26 The authors used a modied ball mill equipped with a transparent Perspex jar, which allows them to follow the synthesis of the MOFs and cocrystals in situ. Further studies have been conducted in terms of an ex situ analysis of grinding reactions using Raman spectroscopy or solid-state uorescence measurements.
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In a different approach, we evaluate the possibility of lab scale XRD measurements combined with further methods to elucidate the milling synthesis of two example compounds. The synthesis of the metal organic framework (H 2 Im) [Bi (1,4-bdc) 2 ] 29 (bdc ¼ benzene dicarboxylate, H 2 Im ¼ imidazole cation) was investigated based on ex situ XRD measurements and Raman spectroscopy. The synthesis of the cocrystal carbamazepine : indometacin 1 : 1 30 was followed via ex situ XRD and REM measurements at different steps during the grinding process. Based on the obtained data it was possible to derive a mechanistic understanding of the formation processes, occurring intermediates and reaction periods.
Results and discussion
The crystal structures of both model compounds, (H 2 Im)[Bi(1,4-bdc) 2 ] and carbamazepine : indometacin 1 : 1, are shown in Fig. 1 . These compounds were chosen to meet the following criteria: i) a typical example for the respective material class, ii) known crystalline structure, and iii) clearly distinguishable scattering areas for educts and products in a limited 2q range. The mechanochemical syntheses of the compounds were carried out in a conventional ball mill. The reactions were investigated ex situ by a combination of different analytical methods. For both syntheses XRD measurements were performed and backed by either Raman measurements ((H 2 Im)[Bi(1,4-bdc) 2 ]) or REM investigations (carbamazepine : indometacin 1 : 1). In a typical experiment, the reactions were stopped at different time intervals and a small amount of sample was retrieved for analysis.
The XRD patterns obtained during the synthesis of (H 2 Im)[Bi (1,4-bdc) 2 ] are shown in Fig. 2 (reaction 1) . Until a reaction period of 3 min was reached, samples were extracted every 10 s. Aerwards, the samples were taken every 30 s. Aer a reaction period of 20 s, the XRD measurements indicate the presence of an 2 ] seen along the c-and b-axes with the coordination polyhedra of both Bi 3+ cations in the asymmetric unit shown in green (Bi1) and red (Bi2). The hydrogen atoms were omitted for clarity. A detailed description of the crystal structure can be found elsewhere.
29 Bottom: a view of the unit cell of the cocrystal CBZ : indometacin 1 : 1 seen along the a-axis. The green dotted lines indicate the hydrogen bonds. The hydrogen atoms not participating in the hydrogen bonds were omitted for clarity. A detailed description of the crystal structure can be found elsewhere. no signicant changes in the crystallite size. Obviously, a longer grinding process is not necessary for the completeness of the reaction and the crystallite size is not inuenced signicantly by a prolonged reaction period. These ndings are supported by the simultaneously collected Raman spectra (Fig. 3) . The Raman spectra show that the formation of (H 2 Im)[Bi (1,4-bdc) 2 ] is completed aer a milling time of 2 min. The protonation of the imidazole molecule can be veried based on the Raman spectra. Two intensive bands at 1220 cm À1 and 1445 cm À1 characterize the spectrum of the imidazolium ion (blue bars in Fig. 3 ). 35 These bands are detectable aer 30 s, indicating that the protonation of imidazole proceeds in the rst seconds of the milling reaction. The imidazolium molecule might act as a template, triggering the formation of the MOF. The Raman spectra of (H 2 Im)[Bi(1,4-bdc) 2 ] show similar Raman bands compared to the Raman spectra of the educts benzene-1,4-dicarboxylic acid and imidazole. They are clearly shied in the Raman spectrum of the product due to the different coordination spheres of the participating molecules.
Similar experiments were conducted for the mechanochemical synthesis of the cocrystal carbamazepine : indometacin 1 : 1 (reaction 2a). The diffractograms recorded during the milling process are shown in Fig. 4 . At the beginning of the reaction, the XRD measurements were performed every 10 s, aer 3 minutes every 30 s, and aer 10 minutes every 60 s. The diffractograms indicate that the formation of the cocrystal is completed aer 1 min. Obviously, the crystal structure of both educts is destroyed and the new structure is formed within these rst seconds of the reaction. Crystalline intermediates could not be detected. A closer investigation of the reections indicates an increasing width of the reections with a prolonged milling time. Aer a milling time of 1 min, the crystallite size amounts to 61 nm. Aer 5 min a crystallite size of 44 nm was determined, and aer 15 min a crystallite size of 22 nm was determined. Aer 25 min, the crystallite size was below 5 nm. These ndings indicate that prolonged milling can destroy the intermediately formed crystallites, whereas large crystals are formed within the rst seconds of the experiment. REM images were taken at different steps of the mechanochemical synthesis, to monitor the development of the crystal morphologies (Fig. 5) . Before the start of the reaction (0 s), the two cocrystal components can be clearly separated from each other within the reaction mixture. The indometacin crystals are plate-like whereas the carbamazepine crystals appear powder-like with no distinct morphology. Aer a reaction time of 30 s, the REM images clearly indicate the presence of needle-shaped product crystallites next to educt crystallites, mainly indometacin plates. Aer 60 s only needle-shaped crystals can be identied in the REM image. This observation is in accordance with the XRD experiment. Here, Prolonged milling leads to a further decrease in the length of the needles (700-1000 nm aer 5 min, and 600-700 nm aer 10 min). Aer a milling reaction of 15 min and 25 min, only a few needles are detectable, whereas the majority of the sample consists of small powder-like crystallites. These ndings are in accordance with the decreasing crystallite size determined by the XRD measurements. The combination of both analytical methods reveals the formation of needle shaped crystals aer a reaction period of 60 s and the destruction of the crystals during the further milling process. Keeping in mind that a mechanochemical process conducted in a stepwise manner might yield a different result compared to an uninterrupted one, 36 an additional experiment was performed. Here, the reactants carbamazepine and indometacin were ground together for 1 min. Aerwards, the reaction mixture was stored for four days in the closed grinding jar at ambient conditions to allow an uninuenced crystallisation of the cocrystal (reaction 2b). An REM image of the nal product of reaction 2b is shown in Fig. 6 in comparison to an REM image of the cocrystal synthesised in reaction 2a aer a milling time of 60 s. The product from reaction 2b consists of long needles, which are interwoven into each other. The thickness of the needles obtained in both reactions is comparable whereas the length of the needles crystallised without interruption (reaction 2b) is signicantly larger. The diffractogram of the product derived from reaction 2b indicates the completeness of the reaction. The crystallite size was determined to be 51 nm. These ndings suggest that a short initial milling period followed by an uninuenced crystallisation could lead to the same but more crystalline product. The analysis of the synthesis of both model compounds revealed that mechanochemistry is a very fast synthesis method. Both products were gained aer milling times of 2 min ((H 2 Im)[Bi(1,4-bdc) 2 ]) or 1 min (CBZ : indometacin 1 : 1). Especially the synthesis of the cocrystal proceeded within a few seconds. The speed of the cocrystallisation can be attributed to the fact that the intermolecular interactions between the organic molecules are more a coordination of the cocrystal components to each other.
Based on the data obtained from the combination of different analytical methods, it was possible to derive a mechanistic understanding of the formation processes, intermediates and reaction periods. In particular for the synthesis of the cocrystal carbamazepine : indometacin 1 : 1 the knowledge of the optimal reaction periods is essential to receive a product of high crystallinity. Amorphous, liquid, or eutectic intermediates could not be detected for both syntheses. The propensity to form a product could be associated to an increase in the contact areas with decreasing particle size during the grinding process.
Experimental
Materials Bismuth(III) nitrate pentahydrate Bi(NO 3 ) 3 $5H 2 O (98%), benzene-1,4-dicarboxylic acid (terephthalic acid) C 6 H 4 (COOH) 2 (98+%) and imidazole C 3 H 4 N 2 (99%) were purchased from Alfa Aesar, Karlsruhe, Germany and used without further purication. Carbamazepine C 15 H 12 N 2 O 2 ($99.5%, Fluka, Steinheim, Germany), were ground together in a conventional ball mill (Pulverisette 23, FRITSCH GmbH, Idar-Oberstein, Germany) with a frequency of 50 Hz using a 10 mL steel grinding bowl and two steel balls (10 mm diameter). The reaction was interrupted at different points and an appropriate amount of the sample was used for X-ray analysis and Raman spectroscopy. Sampling intervals were chosen as follows: 00:00 min-03:00 min every 10 s; 03:30 min-15:00 min every 30 s. The product was obtained as a white powder.
CBZ : indometacin 1 : 1 (reaction 2). Carbamazepine (0.1989 g, 1 eq.) and indometacin (0.3011 g, 1 eq.) were ground together aer adding 250 mL methanol. The reaction was performed in a conventional ball mill (Pulverisette 23, FRITSCH GmbH, Idar-Oberstein, Germany) at 30 Hz using a 10 mL steel grinding jar and two steel balls (10 mm diameter). Two types of experiment were conducted to analyse this reaction:
(a) To follow the reaction by X-ray analysis and REM measurements, the following sampling scheme was applied: 00:00 min-03:00 min every 10 s; 03:30 min-10:00 min every 30 s; 11:00 min-25:00 min every 60 s. At these steps, the reaction was interrupted and a small amount of the sample was taken from the reaction mixture.
(b) The educts were ground for 60 s before the grinding jar was placed under ambient conditions (20 C) without opening the jar for four days. The product was obtained as a white powder and analysed by XRD and REM measurements.
Methods
Powder diffraction measurements. Powder diffraction measurements were performed on a D8 Discover diffractometer (Bruker AXS, Karlsruhe, Germany) equipped with a Lynxeye detector and operated in transmission geometry (Cu-Ka1 radiation. l ¼ 0.154056 nm). The samples were sealed in a glass capillary of 0.5 mm diameter (WJM-Glas, Müller GmbH, Berlin, Germany) and the powder diffraction data were collected at room temperature. Measurements were conducted over a 2q range of 5-50 with a step size of 0.009 and 0.05 s per step for the ex situ measurements and 0.5 to 5.0 s per step for the educts and nal products. The crystallite size was calculated using the Scherrer equation.
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Raman spectroscopy. The Raman spectra were collected using a Raman RXN1™ Analyzer (Kaiser Optical Systems, Inc., Ecully, France) with NIR excitation radiation at 785 nm. The spectrometer is equipped with a non-contact probe head and a CCD camera (1024 Â 256 pixels). The working distance is 15 mm and the spot size on the sample has a diameter of 1 mm. The Raman spectra were recorded with an acquisition time of 5 Â 5 s and an irradiance of 6.6 W cm À2 on the sample. REM measurements. The REM images were obtained using a scanning electron microscope XL30 ESEM (FEI, Gräfelng, Germany) equipped with a W-cathode (20 kV) and adapted with a secondary electron detector (EverhardThornlay detector) working in a high vacuum. In addition, the scanning electron microscope is equipped with an energy dispersive X-ray spectrometer (EDAX, Wiesbaden, Germany) using a SiLi detector. Prior to the REM measurements, the samples were sealed on carbon tabs and sputtered with gold (15 nm min À1 ) using a Scancoat Six (Edwards, Kirchheim, Germany).
Conclusions
The presented ex situ approach proved to be completely suitable to determine the formation processes during mechanochemical reactions. The combination of two analytical techniques provides further information for a thorough understanding of the processes. Surprisingly, both model compounds are synthesised very fast within the rst minutes of the milling process. 
